We investigate the magnetic properties of ZnCoO thin films grown by pulsed laser deposition (PLD) from targets made containing metallic Co or CoO precursors instead of the usual Co 3 O 4 . We find that the films grown from metallic Co precursors in an oxygen rich environment contain negligible amounts of Co metal, and have a large magnetization at room temperature. Structural analysis by X-ray diffraction and magneto-optical measurements indicate that the enhanced magnetism is due, in part, from Zn vacancies that partially compensate the naturally occurring n-type defects. We conclude that strongly magnetic films of Zn 0.95 Co 0.05 O that do not contain metallic cobalt can be grown by PLD from Co-metal-precursor targets if the films are grown in an oxygen atmosphere.
Cobalt-doped ZnO (ZnCoO) is a promising magnetic semiconductor that combines room temperature ferromagnetism with a wide direct bandgap. [1] [2] [3] Despite the large body of work, the origin of the room-temperature ferromagnetism still remains controversial. The most common growth method is pulsed laser deposition (PLD); which has several desirable characteristics for the growth of complex oxide thin films compared to other film growth techniques. These include the stoichiometric transfer of material from the target to the film and the control of oxygenation during the film growth. A general trend for Co-doped ZnO has been to find that a deficiency of oxygen in the growth chamber enhances the ferromagnetism through the formation of donor states [4] [5] [6] [7] and that annealing films in air or oxygen quenches any magnetization [8] [9] [10] although there are also a few conflicting results in which magnetism is observed in ZnO oxygenated films with and without doping with Co. 11, 12 The role of metallic Co precipitates is less clear, with some authors claiming that they are responsible for all of the observed magnetic properties [13] [14] [15] ; however, other authors have identified ferromagnetic phases in ZnCoO films that lack any metallic component. 16, 17 The PLD growth of ZnCoO starts from a target that has been made to the desired composition by a solid-state reaction of a Co-containing compound and zinc oxide. The oxygen content of the films is normally controlled by varying the oxygen pressure in the PLD chamber during the growth. However, the choice of the Co target precursor compound provides an alternative method to influence the oxygen content of the films.
In the present work we investigate the properties of Zn0.95Co0.05O thin films grown from targets made by mixing ZnO powder with powders of either metallic Co or CoO and compare them to films grown from the more standard targets made by mixing ZnO and Co3O4 powders. 14, 18 In all cases, the targets were made from the powders by a process of sequential grinding for 30 minutes, using a pestle and mortar, and then sintering at 400 °C, 600 °C, 800 °C and 1000 °C in air for 12 hours. We find that films grown with metallic Co in the target, plus some oxygen in the PLD chamber, are ferromagnetic but contain no The concentrations of Co in the films were evaluated by Energy Dispersive X-Ray spectroscopy (EDX), and are given in Table I . With the exception of film C, the values are higher than the target by a factor of ~1.5, which is typical for PLD films. 19 The lower Co concentration for film C may be due to the oxygen gas in the PLD chamber slowing the Zn ions sufficiently to enhance their probability of sticking to the film. Table I . Key parameters of the films: the precursor, the pressure in PLD chamber during film deposition, the films thickness as measured using a Dektak surface profiler, the concentrations of Co in the films as determined by EDX, the c lattice parameters and grain sizes deduced from XRD, fraction of Co atoms present as Co metal given by x-ray absorption, saturation magnetization M s at 5K and 300K, and saturation magnetization expected from the metallic Co contribution.
The lattice constants and grain sizes were measured by x-ray diffraction (XRD) using an The relative amounts of Co 2+ and metallic Co in the films were studied by x-ray absorption and extra-fine-structure-absorption spectroscopy (XAS and EXAFS) using the beamline 20-BM at the Advanced Photon Source at the Argonne National Laboratory. The samples were measured at an incident angle of 6° with the x-ray polarization perpendicular to the plane of the films (along the c-axis). Figure 1 (a) compares the near-edge spectra with a previously measured sample that had all of the Co in substitutional Zn 2+ sites. 23 A spectrum for pure Co is also included for reference. All of the samples showed a dominant signal from substitutional Co, but some had a small metallic Co contribution, as indicated by an increased signal in the region indicated by the arrow. To quantify the amount of metal, linear combination fits were carried out using the Athena program. 24 The results are listed in Table I .
The striking finding is that all of the films grown at base pressure contained significant amounts of metallic Co, but not the films grown at higher oxygen pressure, even though they were both made from targets based on metallic Co.
The environment of the Co ions was checked using EXAFS. The near-edge spectra of these films were compared with two standards: a film of ZnCoO which was known to be fully substitutional and with metallic Co; these results were analyzed to give the percentages of metallic Co in the samples as given in Table I . The data from sample B was transformed to
give the electronic density around the Co ions and the result compared to that expected if all the Co ions were on Zn sites as shown in Fig. 2 Magnetization measurements taken with a SQUID magnetometer are presented in Figure 2 .
Hysteresis loops for the three films grown from the metallic precursor are shown in Fig.2(a) while Fig. 2(b) shows the magnetization loops for the three films grown at base pressure. The values of the saturation magnetization, M s , at 5 K and 300 K are summarized in Table I . The most striking feature of the data is that M s remains high at room temperature only for films B and C, i.e. the films grown from the Co precursors in an oxygen environment. This is interesting because up until the present time Co 3 O 4 has been the most commonly used precursor for the production of ZnCoO targets for PLD.
The structural data in Table I Magnetic circular dichroism (MCD) spectra were taken in order to determine the energies of the spin-polarized electron states using the system based on a photo-elastic modulator. 26 The MCD spectrum measures the fractional difference of the absorption for left and right polarization, which is determined by the orbital polarization of the states that are involved in the electronic transitions, and is zero in the absence of magnetism. The observed magnetization is dominated by the electron spins and hence the MCD measures the product of the spin polarization and a factor that depends on the spin-orbit coupling. We focus our attention here especially on the spectral region at and below the band gap at 3.4 eV, since this is where the magnetically polarizable defect states occur.
The spectra taken in a field of 1.2T at room temperature for films A, D and E are shown in Fig. 3(a) , and those for films A, B and C in Fig. 3(b) . These MCD signals include the following features:
(1)the dispersive feature due to the d-d transition from Co 2+ ions at around 2eV.
(2) a broad negative signal crossing the axis at ~3eV indicating metallic Co cobalt [27] [28] [29] (3) a broad positive signal indicating the presence of Zn vacancies 30 (4) a sharp negative dip at E> 3.3V indicating a spin-polarized band 31, 32 All the samples show the d-d transition (feature 1). This is expected, as the XAS indicates and E also show a strong negative signal at the band gap (feature 4) which is characteristic of films that have been grown at base pressure and arises from a spin split conduction band. 29 The most striking feature of the MCD spectra in Fig. 3(b) The results for films B and C that were both grown from the Co-metal precursor in an oxygen atmosphere are particularly significant. Film C had the largest magnetization at room temperature and a sizeable coercive field of 185Oe at 5K. The origin of its magnetism is made clear from the XRD and MCD data that point to the presence of vacancies on the Zn sublattice that can partially compensate for the naturally occurring n-type oxygen vacancies and Zn interstitials. The magnetization is due to a cooperative interaction between the electrons moving between the sites of the Zn vacancies; a theoretical cluster model for ZnO supports this view. 33 In film C, grown at the highest oxygen pressure, this magnetism is strong enough to also produce a small spin-splitting of the hole states in the valance bands that is observed in MCD.
This study differentiates these films made with metallic cobalt as the Co precursor from the other samples made with Co 3 O 4 which are magnetic only when they are oxygen deficient due to Zn interstitials and oxygen vacancies. In these n-type samples, the magnetization decreases sharply as oxygen is added. 4, [8] [9] [10] An undoped ZnO film has Zn interstitials and O vacancies when oxygen deficient and Zn vacancies and O interstitials when grown with excess oxygen. The magnetism in the films with excess oxygen is due to Zn vacancies. 12 The addition of Co in the films may prevent the formation of Zn vacancies because the excess oxygen is compensated by the inclusion of Co 3+ , this is seen by the quenching of the PL signal from the Zn vacancies. 34, 35 We postulate that films grown with Co 3 O 4 as the precursor are more likely to develop Co 3+ ions than films grown with metallic Co. Hence the Zn vacancy magnetism occurs preferentially in the films of ZnCoO made with the metallic precursor.
We conclude that films made with metallic Co as a precursor and grown in an oxygen atmosphere are different from the majority of films of Zn 0.95 Co 0.5 O that have been studied so far. The choice of precursor in the target is important, even though neither of the oxide precursors was found to be present in the film. In samples that are dominated by n-type Zn interstitials and oxygen vacancies the magnetization decreases sharply as oxygen is added. 4 In contrast, in the films grown from Co metal precursors that have Zn vacancies, we found the largest RT magnetization in films grown at the highest pressure, which also had the largest grain sizes. The results indicate that the use of Co-metal as the precursor for the target is beneficial for the growth of films that do not contain metallic Co but are strongly magnetic.
